INTRODUCTION
Rheumatoid arthritis (RA) is an inflammatory autoimmune disease with complex aetiology and pathobiology and varied manifestations across affected individuals although a common pathological feature is changed blood rheology, frequently manifesting as raised RBC sedimentation rates. The inflammatory burden of RA affects several organ-systems in addition to its articular influences. The circulatory system and its cells are suspected to be less-detected extraarticular targets of the disease and its inflammatory mediators, such as IL-6, which has been demonstrated to change the morphological features of healthy blood (1, 2) . There is ample evidence that RA-induced inflammation inflicts oxidative assault on the RBC and affects its biochemical and physiological activities within circulation (3) (4) (5) (6) (7) . Free radicals in blood reduce protective membrane thiols and antioxidant enzymes like superoxide dismutase while generating dysfunction in the ion transport ATPases of RA RBCs (8) . Rheology and hemodynamics of blood are compounded by morphopathological changes to the RBC membrane (9) . Capacity for gaseous exchange functions of integral proteins and overall skeletal integrity may also be compromised by membrane damage (10, 11) .
RBC-associated indices correlate with some markers of inflammation in RA. Among those reported are RBC sedimentation rate (ESR), haemoglobin levels, and RBC counts, which were found to correlate with levels of radiographic erosion (12, 13) .
Elevated fibrinogen concentration and IgG levels in RA patients have been shown to correlate with increased plasma viscosity (14) . Increased ESR and fibrinogen levels are also hemorheologic markers and indicators of RA disease progression (15) .
These markers implicate the autonomous contribution of RBCs morphopathology, besides other factors in plasma, to hemorheological disorders in RA.
Of late, the Center for Disease Control and Prevention reported an ongoing rise in arthritis prevalence in the United States adult population, amongst which RA is included (16). Cardiovascular (CV) diseases have been demonstrated to be a significant source of mortality in affected persons. In 2016, the European League Against Rheumatism taskforce made recommendations for expert opinion-based screening for CV risk factors (17) . Besides vascular and cardiac tissue integrity, blood and especially the RBC, is critical to performing this critical assignment of CV risk assessment considering it makes up over 90% of formed elements within blood.
In cardiovascular diseases, RBC indices have been implicated in impaired blood rheology. A direct relationship has been found between decreased RBC deformability and increased risk for arterial hypertension in non-RA conditions (18) .
RBC distribution width (RDW) values above a 14% threshold were associated with decreased cellular deformability (19) . A parallel association was also found between RDW and the occurrence of acute myocardial infarction in RA patients excluding individuals with other cardiovascular diseases (20) . Under conditions of increased shear stress, as typically occur in microvasculature, RBCs' deformability determine efficacy of tissue perfusion, but even shape and surface attributes determine optimized blood flow rate in larger vessels (9) .
As discussed, the RBC's biophysical properties are critical to blood rheology, RA pathophysiology, and the occurrence of cardiovascular comorbidities. Subsequently, we discuss its structure and function.
Erythrocyte Membrane Structure
The RBC membrane comprises a phospholipid bilayer, an underlying supporting skeleton, integral, transmembrane, and anchoring biomolecules. Two key components of underlying skeleton, which are critical to and indicative of the integrity of the cell's structure, are the band 3 integral membrane protein and the cytoskeletal spectrin network. Anion exchanger 1 or band 3 is an important biomolecular switch that mediates oxygen-regulation of the cell's functions such as the assembly of crucial metabolic enzymes, interaction of ankyrin with band 3, and ATP release (21) .
A hexagonal spectrin lattice comprising interwoven α and β chains is anchored by ankyrin to a complex made up of band 3, CD47, protein 4.2 (pallidin) and Rh proteins, which all contribute to the cell's structural integrity (10, 22, 23) . Other membranous biomolecular inclusions are flippase, floppase, and scramblase which control the transfer of phospholipids from inner to outer leaflets, lipid rafts comprising stomatin, tightly packed outer leaflet sphingolipids, the glycosylphosphatidylinositolbound enzyme acetylcholinesterase, inner leaflet phosphatidylserine and phosphatidylethanolamine with which flotillin non-covalently associates while cholesterol interacts with hydrophobic tails (24) . Cholesterol is embedded between the membrane leaflets, and its augmentation within this space results in decreased cellular permeability and fluidity (25, 26) . There are also inorganic molecule transporters such as: glut 1 anchored to the actin-tropomyosin-tropomodulin complex by dematin and adducin, glycophorin anchored by protein p55 to protein 4.1 and the spectrin network, calcium pumps, and aquaporins (24) .
A pathological coagulation system, including damage to RBCs, are hallmarks of systemic inflammation, that are known to be present in RA. Systemic inflammation in RA may lead to a reduction in the RBC's biomechanical and viscoelastic capacity.
The RBC's deformability and fluidity influenced by cell volume and membrane structure are critical determinants of its capacity to navigate smaller vasculature like capillaries. Given that inflammatory cytokines like IL-6, a key regulator in RA pathobiology (27) , have been demonstrated to result in pathological changes in RBCs within whole blood (2), here we investigate biophysical properties of RBCs obtained from patients affected by RA.
MATERIALS AND METHODS

Ethics
Ethical approval for this study was obtained from the Human 
Control group
Thirty healthy control subjects of both genders and above 18 years of age were selected for this study. Control participants were volunteers recruited from within the Pretoria locality.
Exclusion criteria
Exclusion criteria for the RA study group were individuals who were pregnant or lactating, diagnosed with or suffering from hepatic, or kidney disease.
Exclusion criteria for the control group were smokers, subjects with cardiovascular diseases, clotting disorders, or other inflammatory disorders. Individuals who were pregnant, lactating, undergoing hormonal therapy, or using anticoagulants of any kind were also excluded from control group.
Blood collection
A qualified physician collected blood once from patient and control subjects in citrate tubes containing 0.5mls of 3.8% sodium citrate. can be determined using the slope of the retract curve. YM is a measure of elasticity, or the ability of a material to return to its original shape after having been deformed by a fixed amount of force; higher YM values indicate decreased elasticity.
This is achieved by fitting the slope of the retract curve with the Derjaguin-Muller-
, where F -F adh is the force on the cantilever relative to the adhesion force, R is the tip end radius, Approximately 1500 data points was therefore collected for each participant/patient RBC, only force curves with a goodness of fit of 0.85 and above was used for statistical analysis. Analysis was performed in cool ambient air at 30% relative humidity at a scan rate of 0.6 hertz.
Statistics
Statistical analysis was done using the free statistical package R, Version 3.3.0 for windows (29) . Calculations of standard deviation were done using the formula:
Scanning Electron Microscopy Technique
RBCs in blood samples that had been smeared, and fixed on small glass slides for SEM studies following methods previously described (30) were examined in RA and control subjects. Each was mounted on aluminium plates adapted for use in the microscope, and carbon coated to enable conduction and SEM imaging.
A Zeiss ULTRA plus FEG-SEM with InLens capabilities was used to study the surface morphology of RBCs and all micrographs were taken at 1kV.
Confocal Microscopy Technique
An 
Analyses of Confocal Image Data
Analyses of the RBC indices in acquired micrographs were performed using the shape descriptors function in ImageJ (31) . Values obtained were acquired using the following calculations:
A. Circularity with a value of 1.0 indicating a perfect circle. As the value approaches 0.0, it indicates an increasingly elongated shape.
B. Aspect ratio of the particle's fitted ellipse C. Roundness or the inverse of its Aspect Ratio.
D. Solidity
The calculated values for each of the four parameters were evaluated using boxand-whisker plots.
In a recent article, we emphasized the usefulness of employing RBC structure as an index of inflammatory activity in the application of individualized precision medicine Force distance curves were generated by plotting the force required by the cantilever to generate a displacement on the RBC membrane The band 3 transmembrane protein is integrated within the lipid bilayer while the spectrin network is closely bound to the inner leaflet. We employed the fluorescentcoupled antibodies earlier described to map the configuration of the protein network formed by spectrin and band 3 within the RBC membrane. By fluorescently tagging these two proteins, we illuminate the 3-dimensional structure of the RBC membrane.
The confocal micrographs represent a cross-sectional segment within a 3-dimensional skeletal framework. Efforts were made to select images that captured the most central cross-section of each cell outline, often at the widest radius. In several RA patients, some RBCs shapes and sizes varied from the discocyte.
Examples of poikilocytes and anisocytes we frequently detected were knizocytes, stomatocytes, acanthocytes, and microcytes or irregularly contracted cells. Some of these are illustrated in figure 4. The arrangement of band 3 ion exchange proteins central to maintenance of RBC membrane integrity was investigated. Averages of composite dimensions of RBC cross-sections acquired from CM images of the band 3 network in controls and RA RBCs were compared using ImageJ shape descriptors. Table 2 shows a summary of the analyses. of all the RA subjects, while it was detected in 90% of the subjects who had a previously reported cardiovascular event. Knizocytes were distinguished in 75% of the patients known to be using non-steroidal anti-inflammatory drugs (NSAIDs) and one patient who was not reported to be on any. Dacryocytes were detected in 20%
of the patients but did not correlate with record of any specific comorbidity as with other identified poikilocytes. Irregularly contracted cells were common to individuals with cardiovascular dysfunction including hypertension, high blood pressure and even low blood pressure. The occurrence of ovalocytes or pencil cells was common to only two patients with hypothyroidism and one with diabetes.
DISCUSSION
The In recent reviews, we described potential mechanisms through which pathological changes to cellular structure can not only reflect inflammatory activity, but also influence disease pathophysiology (24, 43) . In one study, a negative correlation was detected between levels of nitric oxide efflux from RBCs and carotid intima thickness (65) . In another, altered microvascular function and reduced vasodilator capacity was detected in the microcirculation of patients with chronic systemic inflammatory arthritis (66) . Dysfunction in the RBC's regulatory capacity on cerebral vasculature and microcirculation contribute to cardiovascular risk. Consistent with findings from our study, these provide evidence of the contribution of oxidative morphological lesions in erythrocytes to atherosclerotic risk in RA. There is also evidence from literature that the deformability index contributes to altered hemorheology and hemodynamics, which may influence the risk for the occurrence of cardiovascular complications (18) . Erythrocyte morphopathology, as demonstrated in this study, with accompanying elevation in circulating plasma proteins like fibrinogen compound atherosclerotic and cardiovascular risk. In addition, inflammation-triggered bioactive elements such as microparticles, activated platelets, and immune complexes within plasma, are likely to crowd RA vasculature, altering blood viscosity and shear flow parameters. Optimal clearance of affected erythrocytes with stiffer membranes with their congruent microparticles from circulation may also be impeded during transit through splenic sinusoids. This is likely to further aggravate the immune response which is already compromised in these individuals.
CONCLUSIONS AND OUTLOOK
This study provides evidence that suggests RBC membrane pathomorphology is an ongoing phenomenon in this RA cohort and this may cause a deterioration in the rheological properties of blood while exacerbating cardiovascular workload. Lipid imbalances, drug use, and degree of oxidative or inflammatory damage generated locally or systemically could all contribute to pathological biophysical changes in 
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